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I. INTRODUCTION
Application of external hydrostatic pressure has gained increasing interest in physics over the past few decades as a clean and efficient way to change the density of materials. In semiconductor physics, many experiments under highpressure and low-temperature conditions have been performed. 1, 2 In strongly correlated systems low temperature conditions are usually given more attention due to the occurrence of a number of highly interesting physical properties, including superconductivity and quantum critical behavior. 3 Because pressure can have dramatic effects on these lowtemperature properties, the combination of high-pressure and low-temperature conditions is central to condensed matter physics.
Of particular importance to a high-pressure experiment is the reliability of a pressure gauge used. Laser-induced ruby fluorescence R 1 line has most commonly been used as a pressure gauge for pressure determinations up to Mbar range. [4] [5] [6] [7] [8] [9] [10] [11] The R 1 and R 2 fluorescence lines (694.2 and 692.81 nm, respectively) are separated by a crystal field splitting of the 2 E level of the Cr 3þ ions in a corundum (Al 2 O 3 ) lattice. Utilization of linear red shift of the ruby fluorescence R 1 line ( 2 E g ! 4 A 2g emission following 4 A 2 g ! 4 T 2g or 4 T 1g excitation) as a function of pressure to 2.3 GPa was first showed by Forman et al. 4 Mao et al. introduced a nonlinear calibration at higher pressures. 8, 9 Temperature-dependent fluorescence shift had been measured for the R lines. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] These studies reported the shift, splitting, and width of the R 1 and R 2 lines as a function of temperature. Only small changes in both the shift and the line width were reported at T < 100 K. 12, 14, 17, 21 In contrast, the intensity ratio of the two R lines has been suggested as a potential thermometer over the range 10-100 K. 15 However, very few studies have been carried out to examine the pressure-induced shift of the R lines at low temperatures above 10 GPa. 20, 22 The shift of the R 1 lines has been calibrated using NaCl pressure scale up to 22 GPa and temperatures at 10 and 77 K. 22 Slight deviations of the R 1 shift from the calibrated function at room temperature (RT) 8, 11 were also reported at 4.5 K.
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It has been shown that increasing Cr-doping level in the ruby enhances not only the intensity of the R lines but also that of the two N lines, [23] [24] [25] [26] which are attributed to the second (N 1 , 4 A 1 ) and fourth (N 2 , 3 A 2 ) nearest neighbor pairs of the Cr 3þ ions. 26 These N lines originate from the exchange coupled pairs of the Cr 3þ ions. The colors of the ruby are, respectively, colorless, pink-like, red-like, and grey in visible light for the Cr-concentration of much less than 0.1%, about 0.1%, about 1%, and more than 5%. The temperature-dependent N-line spectra were also investigated, showing a similar trend for the R lines except for the intensity. [26] [27] [28] [29] While the intensity of the R lines was significantly reduced by a few orders of magnitudes, 29, 30 the N lines were found to gain intensity at low temperatures. 26, 27 With the Cr 3þ concentration below 0.1% only two R lines from isolated Cr 3þ ions were observed. The N-line intensity increases with the Cr-doping concentration, although not linearly, reflecting both the increase of the formation probability of paired ions and the energy transfer from single ions to paired ions. Increasing the Cr-concentration above 1% causes a broad-band emission as a result of the formation of the Cr 3þ ion clusters. To date, the pressure dependence of the N lines at low temperatures has not been reported. Furthermore, only a few quantitative studies have been reported on the hydrostaticity of the pressure mediums at low temperatures. 31, 32 In this paper, we study the temperature and pressure dependences of the N spectrum of heavily doped ruby, along with the R lines for comparison, at 19 and 65 K and pressures up to 26 GPa. Our results show that the intensity of the N lines is much higher than that of the R 1 line and shifts with pressure in a similar fashion to R 1 at low temperatures. This indicates that the N line could be used as a reliable alternative secondary pressure scale in the low-temperature high-pressure range where the R 1 line is too weak to be properly detected. At low temperatures, we observed non-hydrostatic effects even at ambient pressure for both silicone oil and the 4:1 methanolethanol mixture, while at room temperature, these media retain hydrostaticity up to about 10 GPa. 32, 33 
II. EXPERIMENTS
A closed-circuit He cryostat at the beamline BL12XU of the SPring-8 is used for the low-temperature measurements from 300 K to 16 K. 34 High-pressure conditions are achieved using a gas-membrane controlled diamond anvil cell (DAC) equipped with 0.4-mm culet diamonds. We use a stainlesssteel gasket with silicone oil as pressure-transmitting medium and a Be gasket with a 4:1 mixture by volume of methanol and ethanol in two separate experiments, respectively. The diameter of the sample chamber in the gasket is about 180 lm. Be gaskets are often used in the in-plane geometry where both incoming and outgoing x-ray beams pass through the gasket because of the higher x-ray transmissivity compared to higher-Z materials. We note that Be gaskets become increasingly brittle at lower temperatures, which limits the achievable pressures at low temperatures. Pressure is measured using the ruby R 1 lines at low temperatures. As shown below, the intensity ratio of R 1 to N 1 is about 0.5 at 77 K, indicating that the weight percentage of the dopedCr 2 O 3 is estimated to be on the order of 1%, corresponding to a heavily doped case. 26 A green diode laser (Laser Quantum DL532-10) with a wavelength of 532 nm is used to excite the fluorescence lines. Ruby fluorescence spectra are measured with a spectrometer (STR500-3 Raman Imaging Spectrometer) having a grating of 600 lines/mm; the system is calibrated using the emission lines of a Ne lamp. The DAC system is set in the hutch of the beamline. The fluorescence measurement are performed outside the hutch using optical fibers connected to the DAC system. For the pressure-dependent measurements, we first adjust the temperature at ambient pressure and then apply the pressure while keeping the temperature constant.
III. CALIBRATION CURVES FOR RUBY R LINE SHIFT
A number of empirical calibration curves of the R 1 fluorescence shift at high-pressures and temperatures have been proposed for the ruby pressure scale:
PðGPaÞ ¼ 2:76DkðnmÞ at 77 K;
PðGPaÞ ¼ 2:74DkðnmÞ at 10 K;
where k and k 0 are wavelengths of the R 1 line at P > 0 GPa and P ¼ 0 GPa, respectively, Dk(¼ k À k 0 ) is the wavelength shift, and A and B are constants. At RT, many calibration curves have been proposed. 11 Here we representatively use Eq. (1) with A ¼ 1904 and B ¼ 7:715. 9 Equations (2) and (3) were derived from ruby R 1 shift using NaCl up to 22 GPa with a nitrogen pressure medium. 22 The bulk modulus of NaCl was assumed independent of temperature in the equation of state used. Equation (4) was derived from the lattice parameters of silver at 4.5 K in a helium pressure medium. 20 A 0 was estimated to be 1762 613 GPa. Calibrated pressure as a function of the ruby R 1 fluorescence shift from equations are plotted in Fig. 1 .
Based on these calibrations, pressures at low temperatures are systematically lower than the pressures provided by using the formula for room temperature. For example, when A 0 ¼ 1762 GPa for Eq. (4), the difference in the calculated pressures using Eqs. (1) and (4) is estimated to be about 4 GPa for a given wavelength shift of 11.6 nm (corresponding to the pressure about 30 GPa). The difference in the estimated pressures between room and low temperatures can be very significant at high pressures. We note that the difference between estimated pressures using Eqs. (2) and (3) is small, and is also reasonably small between Eqs. (2) and (4); less than 1 GPa for a given wavelength shift of 11 nm. This reflects the smaller R shift in wavelength below 100 K. In this study we calibrate the pressure at 16, 19 and 65 K from the shift of the R 1 line using Eq. (4) at 4.5 K and assuming A 0 ¼ 1762. 20 But A 0 may have a weak temperature dependence even at these low temperatures, although the deviation from the actual values may be much less than 1 GPa as discussed above. Thus, the pressure coefficients for the N lines may have a related additional uncertainty. In the future, this parameter should be calibrated at low temperatures by x-ray diffraction measurements of lattice constants, for the NaCl calibrant as a function of pressure. gasket is used with silicone oil as pressure-transmitting medium. For the pressure-medium consisting of a 4:1 methanol-ethanol mixture, the same temperature-induced changes in the ruby fluorescence are observed. The intensity of the R lines rapidly decreases with decreasing temperature, while that of the N lines are enhanced at low temperatures as shown in Figs. 2(a) and 2(b) . The intensity of the R 2 line is significantly weaker at low temperatures as compared to that of the R 1 line as shown in Figs. 2(a) and 2(b) . Since the intensity ratio of R 1 to N 1 increases with Cr-concentration, the origin of the N lines is attributed to the presence of coupled pairs of the Cr 3þ ions. 23, 24 Figure 2(c) shows an example of the fit using Voigt functions. The temperature-induced change in the intensity ratios of the R (R 1 , R 2 ) to N (N 1 , N 2 ) lines has already been discussed. 28, 29 These intensity ratios were well fitted with an exponential curve at temperatures above 50-100 K, however, a large deviation from the curve occurred at low temperatures. This indicates thermal equilibrium of the population of the excited states at high temperatures. The temperature-induced change in the intensity of the N 1 and N 2 lines was observed to reach a maximum intensity at 55 and 25 K, respectively, with further decreasing temperature. 26 It is conceivable that these maxima are shifted to lower temperatures in our measurements, which could be due to a slight difference in the Cr-concentration of the ruby spheres used. In Fig. 2(e) , the full width at half-maximum (FWHM) of the R and N lines is shown. Our results are consistent with previous studies 28, 29 overall. The intensity of both N lines increases at low temperatures in contrast to the R-line. This temperature-induced behavior of the N lines can be explained by the population derived from the ground state exchange splitting. 13 A simple model, taking into account the energy transfer from the Cr 3þ single ions to the exchanged coupled-pairs, described this temperature-dependent phenomenon well. 30 Because the intensity of the R lines is fairly weak at low temperatures, we propose that the ruby N line with enhanced intensity at low temperatures can be used as an alternative pressure gauge.
IV. RESULTS AND DISCUSSION
In Fig. 3 , we summarize three series of measurements at low temperatures for the N and R lines. Spectra in (a-d) and (e-h) are, respectively, measured at 65 K and 19 K using the stainless-steel gasket and the silicone oil as pressuremedium. Spectra in (i-l) are obtained at 16 K with the Be gasket and the 4:1 methanol-ethanol mixture as the pressuremedium. Contour intensity maps in Figs. 3(a), 3(e) and 3(i) show the intensity rapidly decreases at high pressures. Each line intensity in Figs. 3(b) , 3(f) and 3(j) shows a complex behavior as a function of pressure while overall decreasing, and we do not understand the origin of this behavior at present. Pressure is estimated from the R 1 line shift using Eq. (4) with A 0 ¼ 1762. Then the shift of the N 1 and N 2 lines are plotted for these pressures, as shown in Figs. 3(c), 3(g) and 3(k) at 65, 19, and 16 K, respectively. These line shifts are well fitted with Eq. (4) up to about 26 GPa. We note that the coefficient A 0 for the N lines summarized in Table I shows a temperature dependence; it become smaller at low temperature. The slopes of the R and N 2 lines are nearly the same as shown in Figs. 3(c), 3(g) and 3(k) , while that of N 1 is more slanted. At room temperature, a linear pressure dependence in the separation of N lines from R 1 line was also reported up to 11 GPa. 35 We observe that this relation holds between the R 1 and N 2 lines at low temperatures. No difference between the two pressure-transmitting media is observed within the accuracy of our measurements.
At high-pressures for the N 2 line, the FWHM is narrower and the peak intensity smaller compared with the N 1 line. In our measurements, the broadening of the ruby fluorescence reflects both inhomogeneous pressure distribution and uniaxial stress pressure. What we measure is a spatial average of these effect. Jamison and Imbusch proposed a simple model for temperature dependence of the fluorescence from heavily doped ruby taking into account excitation transfer between the clusters of chromium ions and the single chromium ions. 30 Based on this model, our results may indicate the decrease of radiative and excitation transfer rates between the single and pair Cr 3þ ions at high pressures due to the increase of the level-splitting with pressure. Figures 3(d remains unclear and merits further study. The excitation of the R lines with a green laser is inefficient at high pressures due to the blue shift of the U ( 4 T 1 ) and Y ( 4 T 2 ) absorption bands to high energy. 36, 37 Alternatively, the R line excitation using a red laser excitation via the 2 T 1 levels instead of the 4 T 1 or 4 T 2 level is preferred to enhance the intensity of R and N lines. 11, 37 When a green laser is used for the excitation of the ruby fluorescence lines and the R 1 line has vanished at high pressures, the stronger N 2 line can then be conveniently used as a substitute pressure gauge for higher pressures until it vanishes. The FWHMs of all lines increase constantly with pressure.
The hydrostaticity of the pressure-transmitting medium has been previously discussed based on the broadening of the emission lines. 38 We note that the hydrostatic limit is around 10 GPa for the 4:1 mixture of methanol-ethanol at room temperature. 33 Our results indicate that at low temperatures the non-hydrostatic effect develops continuously starting at ambient pressure. Viscosity and elastic behavior of silicone oil are similar to the 4:1 methanol-ethanol mixture. 39 It is known that the silicone oil does not depart from hydrostaticity up to 10 GPa, and its hydrostaticity remains overall higher than that of the alcohol mixture at room temperature. 40 On the other hand, at 77 K, the 4:1 methanol-ethanol mixture showed less non-hydrostatic effects compared with other media such as silicone oil. 38 Our results at 16-19 K show that the difference of non-hydrostaticity between the 4:1 methanol-ethanol mixture and silicone oil is small at low temperatures.
V. SUMMARY
We measure the temperature and pressure dependences of the laser-induced ruby fluorescence N with the R lines for the heavily doped ruby in DAC. The intensity of the R lines from heavily doped ruby becomes weaker with decreasing temperature, while the N lines does stronger at T < 50 K. The stronger N lines at low temperatures below a few tens K may be used to replace the much weaker R lines for pressure scaling. We confirm the empirical formula at low temperatures for the relation between the ruby shift of the N lines at pressures up to 14 GPa for the 4:1 methanol-ethanol mixture and up to 26 GPa for the silicone oil, respectively. At low temperatures, non-hydrostaticity develops at a constant rate at ambient pressure. The difference of the non-hydrostatic effect between the 4:1 methanol-ethanol mixture and silicone oil is small at low temperatures.
